Treatment of genital infections with the herpes simplex virus (HSV) relies on nucleoside analogues that inhibit the HSV DNA polymerase after phosphorylation by the viral thymidine kinase. These compounds, which were developed three decades ago and are in widespread use today, ameliorate clinical disease. However, they do not abrogate viral shedding and only partially reduce the risk of transmission to sexual partners.
Comments open through January 22, 2014
Treatment of genital infections with the herpes simplex virus (HSV) relies on nucleoside analogues that inhibit the HSV DNA polymerase after phosphorylation by the viral thymidine kinase. These compounds, which were developed three decades ago and are in widespread use today, ameliorate clinical disease. However, they do not abrogate viral shedding and only partially reduce the risk of transmission to sexual partners.
In immunocompromised persons, resistance to nucleoside analogues develops occasionally, and treatment options for acyclovir-resistant HSV are limited.
The thiazolylamide pritelivir (BAY 57-1293; AIC316) is the first in a new class of antiviral agents that inhibit HSV replication by targeting the viral helicase-primase enzyme complex. Pritelivir binds to the complex composed of the gene products of UL5, UL8 and UL52. Unlike the nucleoside analogues, pritelivir does not require activation by phosphorylation, and it is active in uninfected cells. Pritelivir exhibits potent in vitro activity against HSV-1 and HSV-2 isolates, including strains resistant to nucleoside analogues, and has shown efficacy in studies in animals, including a study of genital infection in guinea pigs.
In phase 1 studies of pritelivir, no safety concerns were identified, and the terminal half-life reported was up to 80 hours.
To investigate the efficacy and safety of pritelivir in the treatment of genital infection with HSV-2 and to determine the most effective, safe dose, we conducted a proof-of-concept study to evaluate the effect of four different doses of oral pritelivir on mucocutaneous viral shedding in adults with genital HSV-2 infection.
METHODS

Study Participants
We enrolled otherwise healthy adults (≥18 years of age) who were seropositive for HSV-2 and had a history of genital herpes. Eligible participants had a history of one to nine recurrences of genital herpes per year. Other inclusion criteria were a body-mass index (the weight in kilograms divided by the square of the height in meters) between 18 and 35, the use of effective contraception, and normal results on laboratory tests, including electrocardiography and urinalysis. Infection with the human immunodeficiency virus or with hepatitis B or C virus, pregnancy, immunosuppression, treatment with medications that induce drug-metabolizing enzymes or transporters (e.g., carbamazepine or phenytoin) were exclusion criteria. Receipt of other anti-HSV therapy, consumption of grapefruit, and intake of quinine or products containing quinidine were not permitted during the study. All participants provided written informed consent.
Study Design and Oversight
The study was designed as a randomized, parallel, double-blind, placebo-controlled study by investigators at the University of Washington and by the sponsor, AiCuris, and was managed by FHI 360. The statistical analyses were performed by authors at the University of Washington, according to a statistical plan previously developed by the academic and industry investigators. Both the academic and industry authors contributed to all drafts of the manuscript and approved the submission of the final manuscript for publication. All authors had full access to all data, verified the accuracy of the data, and vouch for the fidelity of the study to the protocol and for the completeness of the data presented. The study was approved by the institutional review board at each study center. For full details of the design and conduct of the study, see the protocol, available with the full text of this article at NEJM.org.
Study Drug
The four dosing regimens for pritelivir were a loading dose of 20 mg followed by a daily dose of 5 mg, a loading dose of 100 mg followed by a daily dose of 25 mg, a loading dose of 300 mg followed by a daily dose of 75 mg, and a weekly dose of 400 mg. The regimen for the administration of placebo was the same as it was for the administration of pritelivir. The study drug was taken for a period of 28 days.
Study Procedures
Eligible participants were randomly assigned to one of the five study groups in a 1:1:1:1:1 ratio. A statistician who was not involved in the conduct of the study generated the randomization schema using the permuted-blocks method, with stratification according to sex and study site.
Throughout the study period, participants obtained daily swabs of genital skin and mucosa and delivered them to the study site weekly for the purpose of HSV detection.
Participants also maintained a diary of genital signs and symptoms. If a lesion developed that was consistent with genital herpes, an additional swab was obtained from the lesion. Participants who had a recurrence (i.e., papules, vesicles or pustules, ulcers, or crusts) during the study were asked to return to the clinic for an examination within 24 hours.
Laboratory Studies
Western blot analysis was used to confirm HSV-2 serostatus. Samples of genital secretions were analyzed for HSV DNA with a real-time, quantitative, fluorescent polymerase-chain-reaction (PCR) assay (TaqMan) at the University of Washington Virology Laboratory. Test results were considered to be positive when 150 HSV DNA copies per milliliter or more were detected.
Samples with an HSV DNA copy number of more than 5000 per milliliter were sequenced to detect mutations in UL5 and UL52. Primers (Table S2 in the Supplementary Appendix, available at NEJM.org) flanking the regions known to mediate resistance to helicase-primase inhibitors and Platinum TaqDNA Polymerase High Fidelity reagents (Invitrogen) were used to generate PCR products. The PCR products were sequenced according to inner primers with the use of BigDye Terminator (version 3.1) cycle-sequencing technology.
Sequencing data were analyzed with the Sequencher 4.10 program (HSV-2 reference strain, HG52; NCBI accession number, NC_001798.1) and were uploaded to GenBank under accession numbers KF008267-KF008349 and KF008350-KF008432.
Safety Evaluation
Safety was evaluated by examining the rate, nature, duration, and severity of adverse events in each study group; events were graded with the use of the Division of Acquired Immunodeficiency Syndrome (DAIDS) table of adverse events (http://rsc.techres.com/Document/safetyandpharmacovigilance/Table_for_Grading_Severity_of_Adult_Pediatric_Adverse_Events.pdf ). Additional safety assessments included physical examination, laboratory measurements, and electrocardiography.
Statistical Analysis
The frequency of HSV-2 detection (the shedding rate) was defined as the number of days with a genital swab that was positive for HSV divided by the total number of days on which genital swabs were obtained. The primary end point was the reduction in the HSV shedding rate among participants receiving pritelivir relative to the shedding rate among participants receiving placebo. Secondary end points included the rate of genital lesions, the reduction of HSV DNA copies, the frequency of herpes recurrence, and the rate of subclinical shedding.
The intention-to-treat analysis included all patients who took at least one dose of study medication and obtained at least one swab of genital secretions. Poisson regression with overdispersion was used to estimate the effect of treatment on the rates of viral shedding and lesion recurrence, with terms included for treatment and sex and a random term for investigational site. On days when HSV was detected, the log number of HSV DNA copies was compared between each of the pritelivir groups and the placebo group with the use of generalized estimating equations that accounted for the correlation between repeated measures per 
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FIGURE 1
Rates of Herpes Simplex Virus (HSV) Detection, Viral Load, and Recurrence of Lesions in Patients with Genital Lesions, According to Study Group. participant. The concordance between the detection of HSV from swabs obtained by a participant and detection from those obtained by an investigator was assessed with the kappa statistic and the Spearman coefficient.
RESULTS
Study Population
The trial was conducted between April and December 2010 at seven sites in the United States. Among 261 persons screened, 156 underwent randomization; 1 person who underwent randomization was deemed ineligible and did not receive the study drug or participate in the study. The predominant reason for ineligibility was an absence of serologically confirmed HSV-2 infection. The median age of the participants was 41 years; 104 (67%) were women, and most were white (Table 1 ). The median duration of genital herpes before study entry was 11 years; 21% of the participants were receiving suppressive therapy before study entry. A total of 147 participants (94%) completed the study. Participants discontinued treatment prematurely for the following reasons: withdrawal of consent (4 participants), adverse events (3 participants), loss to follow-up (2 participants), pregnancy (1 participant), and noncompliance with the protocol (1 participant). The median percentage of days on which swabs were obtained was 100% (range, 11 to 100%); 80% of the participants obtained more than 96% of the swabs. Mean adherence to the study medication, as calculated according to the pill count, was 99% (median, 100%; range, 72 to 100) with 94% of participants taking more than 95% of the study drug; adherence was similar in all study groups. There was a high concordance in the frequency with which HSV was detected and the quantity of HSV DNA detected in the swabs obtained by participants and the swabs obtained by the investigators (r=0.87, P<0.001) (Fig. S1 in the Supplementary Appendix).
Effect of Pritelivir on Viral Shedding
A total of 4180 daily genital swabs were obtained, 435 of which (10.4%) were positive for HSV. Genital HSV was detected at least once in 87 of the 155 participants (56%). The rate of HSV shedding in the placebo group was 16.6%; among the groups receiving pritelivir daily, the rate was 18.2% with 5 mg, 9.3% with 25 mg, and 2.1% with 75 mg; in the group receiving 400 mg weekly, the rate was 5.3% (Table 2 and Figure 1A ). The relative risk of viral shedding with pritelivir as compared with placebo was 1.11 (95% confidence interval [CI] , 0.65 to 1.87; P=0.70) at a daily dose of 5 mg, 0.57 (95% CI, 0.31 to 1.03; P=0.06) at a daily dose of 25 mg, 0.13 (95% CI, 0.04 to 0.38; P<0.001) at a daily dose of 75 mg, and 0.32 (95% CI, 0.17 to 0.59; P<0.001) at a weekly dose of 400 mg (Table 2) .
When HSV was detected, the median log number of HSV DNA copies was 5.1 with placebo, 4.5 with 5 mg of pritelivir daily, 3.6 with 25 mg daily, 2.4 with 75 mg daily, and 3.6 with 400 mg weekly (P<0.001 for the comparisons of placebo with doses of pritelivir of 25 mg or more) ( Table 2 and Figure 1B) . Thus, as compared with placebo, pritelivir significantly reduced both the frequency of HSV shedding on the genital mucosa and the quantity of the virus detected when breakthrough shedding occurred. A similar dose response was observed for subclinical viral shedding. The overall rate of subclinical shedding was 9.8% with placebo, 11.9% with 5 mg of pritelivir daily, 7.4% with 25 mg daily, 1.6% with 75 mg daily, and 4.8% with 400 mg weekly ( Figure 1C) . The relative risks of subclinical shedding at pritelivir doses of 5 mg daily, 25 mg daily, 75 mg daily, and 400 mg weekly were 1.26 (95% CI, 0.67 to 2.35; P=0.48), 0.73 (95% CI, 0.37 to 1.47; P=0.38) , 0.16 (95% CI, 0.05 to 0.49; P=0.001), and 0.47 (95% CI, 0.24 to 0.91; P=0.02), respectively.
Pritelivir reduced viral shedding in both men and women. For example, among men in the 75-mg group, HSV shedding occurred on 3.2% of days as compared with 12.5% of days among men in the placebo group; among women in the 75-mg group, HSV shedding occurred on 1.6% of days as compared with 18.3% of days in the placebo group. No significant interaction was detected between treatment with 75 mg of pritelivir daily and sex, nor was there a significant interaction between treatment and site.
Effect of Pritelivir on Genital Lesions
To assess the effect of pritelivir on the clinical manifestations of genital infection with HSV-2, we calculated the percentage of days on which participants had genital lesions according to study group. Genital lesions were noted on 9.0% of days with placebo, 12.5% with 5 mg of pritelivir, 3.5% with 25 mg, 1.2% with 75 mg, and 1.2% with 400 mg (Figure 1D ). The risk of genital lesions with pritelivir as compared with placebo was 1.39 (95% CI, 0.59 to 3.30; P=0.46) with 5 mg of pritelivir daily, 0.41 (95% CI, 0.16 to 1.09; P=0.07) with 25 mg daily, 0.13 (95% CI, 0.02 to 0.70; P=0.02) with 75 mg daily, and 0.13 (95% CI, 0.03 to 0.52; P=0.004) with 400 mg weekly. In addition, we observed 12 recurrences in participants receiving placebo, 18 in participants receiving 5 mg of pritelivir daily, 12 in those receiving 25 mg daily, 3 in those receiving 75 mg daily, and 6 in those receiving 400 mg weekly (P=0.04 for the comparison of placebo with 75 mg of pritelivir daily).
Viral shedding at the time of lesion recurrence was also reduced in a dose-related manner among participants receiving pritelivir (Table 2 ). In the placebo group, HSV was detected on 85.3% of days on which participants had lesions, as compared with 60.4% of days in the group receiving 5 mg of pritelivir daily, 50.0% in the group receiving 25 mg daily, 44.4% in the group receiving 75 mg daily, and 50.0% in the group receiving 400 mg weekly. The median HSV DNA log copy number was 6.1 among participants with lesions who were receiving placebo. The log copy number was decreased somewhat among participants receiving lower doses of pritelivir, reaching 2.9 at a dose of 75 mg daily (P<0.001 for the comparison of 75 mg of pritelivir daily with placebo) ( Table 2 ).
Viral Resistance
Analysis of the resistance-associated regions of UL5 and UL52 revealed variations in DNA in all study groups as compared with the HSV-2 reference sequence. Four changes in UL5 were identified in five participants. Among these four changes, three were synonymous (G879A [in a recipient of 5 mg of pritelivir daily], C996T [in a placebo recipient], and G1053A [in a recipient of 400 mg of pritelivir weekly]) and one was nonsynonymous (A1001G [in a recipient of 5 mg of pritelivir daily]); the corresponding amino acid change is H334R, which is not within or downstream of the fourth functional motif of UL5 and is therefore not considered to confer resistance to pritelivir. In UL52, two synonymous changes were identified in two participants (G2649A [in a placebo recipient] and C2676T [in a recipient of 25 mg of pritelivir daily]). All sequences within participants were identical.
Adverse Events
No pattern of adverse events or laboratory abnormalities emerged during the study (Table 3, and  Table S1 in the Supplementary Appendix). One serious adverse event occurred in a participant receiving 25 mg of pritelivir daily, who was hospitalized for pancreatitis 2 weeks after completing treatment; a review of the participant's medical history revealed prior alcohol-related pancreatitis and probable continued alcohol intake. The number of days with nausea was highest in the group receiving 400 mg of pritelivir per week (33 days of nausea) and the group receiving 5 mg per day (44 days), although a single participant accounted for 75% of the days of nausea in the group receiving 400 mg per week. Three participants receiving pritelivir discontinued treatment because of adverse events: one participant receiving 5 mg daily discontinued treatment because of moderate headache, nausea, chest pain, and dyspnea; one receiving 25 mg daily discontinued treatment because of suspected systemic lupus erythematosus; and one receiving 400 mg per week discontinued treatment because of mild anxiety.
DISCUSSION
Our study showed that pritelivir, an HSV-specific helicase-primase inhibitor, significantly reduces the frequency of genital HSV shedding and lesions in otherwise healthy men and women with genital HSV-2 infection. The effect was dose-related, with a daily dose of 75 mg having the greatest antiviral effect. Furthermore, at this dose, pritelivir reduced the quantity of HSV in breakthrough shedding by more than 98%. Although our study was not powered to evaluate the effect of pritelivir on recurrences of symptomatic genital herpes, we did observe significant reductions in the number of days of genital lesions at doses of 75 mg daily and 400 mg weekly that paralleled the trend toward fewer recurrences at these doses.
In our small study, pritelivir, when administered daily for 4 weeks, was not associated with any clinical, laboratory, or cardiac abnormalities that emerged during treatment. Reports of nausea did not appear to be related to the dose of pritelivir. (Nausea was not observed in phase 1 studies at higher doses. ) Sequencing of samples obtained before and after treatment suggests that drug resistance did not emerge, even in participants treated with the lowest doses of pritelivir.
Our study design, in which the number of days of viral shedding was the primary outcome, provided an approach toward defining in vivo antiviral efficacy and an effective, safe dose for subsequent evaluation. Studies of the natural history of HSV-2 have shown that shedding frequency, the quantity of HSV during shedding, and the occurrence and duration of genital lesions are all correlated. Early studies in the development of nucleoside analogues for the treatment of genital herpes measured the reduction in the duration of symptomatic recurrences. However, lesions reflect mucosal damage as well as viral replication, and even effective antiviral agents have marginal benefits when started after the formation of lesions. Evaluations of viral shedding have shown that nearly all persons with HSV-2 shed virus. We selected a patient population with clinically symptomatic disease to obtain a preliminary assessment of both the effects of extended antiviral therapy on shedding and the potential clinical benefit of pritelivir. Our data indicate that pritelivir may have the potential to reduce clinical recurrences of HSV.
Although the HSV shedding rate was reduced by more than 85% at the highest doses of pritelivir, as compared with placebo, some breakthrough shedding remained. Persistent, low-level shedding during nucleoside therapy has been documented previously. The pathogenesis of breakthrough viral shedding during adequate antiviral therapy with nucleoside analogues is poorly understood; it is not related to lack of adherence to the treatment regimen or viral resistance. The question of whether further increases in the daily dose of pritelivir would completely abrogate viral shedding will have to be addressed in additional studies. As shown in Table S3 in the Supplementary Appendix, pritelivir had a stronger effect on the reduction of viral DNA than the nucleoside analogues studied in earlier trials. Although it is appealing to compare the efficacy of pritelivir with that of currently licensed products, the frequency of viral shedding and the magnitude of the reduction in the quantity of virus shed with antiviral medication depend heavily on the characteristics of the participants enrolled; thus, a direct comparison in a clinical trial is warranted to properly determine comparative efficacy.
This study shows that pritelivir, the first in a new class of antiviral agents developed for the treatment of herpes simplex infections, is effective in suppressing viral shedding and lesion development in patients with genital herpes. Further studies will be needed to assess the magnitude of clinical benefit in the treatment of HSV infections and to establish the usefulness of pritelivir in treating severe HSV disease and in reducing sexual transmission.
In May 2013, the clinical development of pritelivir was placed on hold by the Food and Drug Administration because of unexplained dermal and hematologic findings in a toxicology study of monkeys treated with daily doses ranging from 75 mg per kilogram of body weight to 1000 mg per kilogram (these doses were 70 to more than 900 times as high as a dose of 75 mg in humans). The reason for the findings in monkeys is currently under investigation; such findings were not observed in the current trial.
